In an effort to analyse the conformational differences which arise due to acetyl substituents in polysaccharides, crystal structure data on free and acetylated disaccharides are compared. Marked differences are found in the torsional angles around the skeletal bonds as weil as the glycosidic bonds in cellobiose compared with acetyl cellobiose. The cause and the significance of such variations are examined in terms of calculated conformational energy maps. Calculations suggest the possibility of extrapolating the results on disaccharides to predict the structural differences in the respective free and acetylated polysaccharide counterparts. It is concluded that any theoretical investigation on free or acetylated polysaccharide should be conducted only with data derived from the identically related oligomeric crystal structures. When this is done for acetyl xylan and acetyl mannan, one can readily explain why the former changes from threefold to twofold chain symmetry and vice versa for the latter when one goes from the native polysaccliaride to the acetate derivative. Comparison of cellobiose and acetyl cellobiose conformational energy maps shows that in the former intramolecular hydrogen bonds are much more important conformational influences than intermolecular ones, while in the latter non-bonded steric effects are the dominant factor.
INTRODUCTION
Many of the naturally occurring polysaccharides are often found to be partially acetylated 1 • 2 . Analysis of crystalline conformations by x-ray diffraction methods has shown that the chain symmetry of free and acetyl derivatives of polysaccharides differs significantly 3 -10 • Examples of this are listed in Table 1 . lt seems likely that the observed changes in the fibre repeat and the screw symmetry of the helical polymer chain are the result of steric imperatives. Such spatial adjustments could be due either to intramolecular or intermolecular interactions, or both. The importance of understanding the role played by the substituents in their influence on the preferred conformation of the polymer cannot be overemphasized, since the local conformation of a polysaccharide greatly influences its chemical and physical properties, and appears to be a determining factor in enzymatic recognition 11 • Evidence has accumulated in recent years that the short-range preferred conformation of a .polymer is close to that of the related dimer or oligomer. Differences in the conformational features of free and acetyl derivatives of 399 disaccharides immediately suggest that the related free and acetylated polysaccharides will show the same conformational differences. Since there is a paucity of crystal data on oligomeric structures related to natural polysaccharides, one often wishes to use crystal conformation data on peracetylated or free oligomers as if they were the same. The purpose of this study is to show that this approach is fraught with danger because acetyl substitution has a significant effect on the torsional angles of acetyl oligomers compared with the free sugar oligomer. Furthermore these differences are responsible for the above-mentioned variations in crystalline chain symmetry as one goes from the free to the acetylated polysaccharide ( Table 1) .
CRYSTALLINE CONFORMATIONS OF DISACCHARIDFS
The crystalline conformations of disaccharides related to naturally occurring polysaccharides which have been so far reported include: maltose 12 • 13 , cellobiose 14 , acetyl cellobiose 15 and acetyl xylobioseu>. Neither free xylobiose nor mannobiose structures have been reported to date, nor the acetyl derivatives of maitose and mannobiose. From the crystal structure data one may readily derive the torsion or dihedral angles in the ring structures and thereby compare the ring shapes of free and acetyl sugars in disaccharides.
The relative orientation of contiguous rings is dictated by the torsional angles around the glycosidic bonds. These also are derivable from the disaccharide crystal data and relate most readily to polysaccharide conformational information.
Torsional angles in the rings
Schematic diagrams of cellobiose and acetyl cellobiose are given in Figure 1 along with the atom numbering and the torsional angles relevant for the discussion.
The torsion angles (conformation angles) about the various skeletal bonds of the pyranose ring are given in projection in Figure 2 . The numericai values are listed below each projection. The sign of the angles is given in adherence to the IUPAC nomenclature 17 • The projections are so drawn as to always render the angles marked A positive and those marked B negative. The torsion angles in the crystal structures of 'hexapyranose-containing' sugars, viz. ß-o-glucose 14 , cellobiose 14 , acetyl cellobiose 15 , are listed along with the 'standard' ß-o-glucose residf.te proposed by Arnott and Scott 18 • Also given in Figure 2 are the angles in the 'pentapyranose-containing' sugars: ß-o-xylose 19 and acetyl xylobiose 16 • Examination of Figure 2 shows that the torsion angles involving ring atoms,
, etc., are generally comparable to those of the standard residue. However, among the hexapyranose disaccharides, the torsion angles involving the extracyclic oxygen atoms show large variations: e.g. acetyl cellobiose than in cellobiose or the standard ß-o-glucose residue. It must be remernbered that Figure 2 compares two types of structures, one of which is stabilized by inter-and intramolecular hydrogen bonds (a, b, e) and the other, by predominantly van der Waals forces (c, f); the 'standard residue' (d) was derived from average bond lengths, bond angles and torsion angles for various carbohydrate crystal structures which differ considerably in the pattern of inter-and intramolecular forces. The objective here is to impress that significant differences in torsional angles follow as one proceeds to replace the hydroxyls with 0-acetyl groups in hexapyranose sugars. However, 19 ; and (f, f) unprimed and primed residues in acetyl xylobiose 16 the pentapyranose sugars ß-o-xylose and acetyl xylobiose show very little difference in their torsion angles.
Torsional angles about the glycosidic bonds
The projections given in Figure 3 c/J and t/J; these establish the relative orientation of contiguous residues*.
Comparing the entries in Figure 3 we find that there is very little difference in the torsion angles about the C(1)-0 bond between cellobiose and acetyl cellobiose. In acetyl xylobiose the value of c/J is close to the cis conformation.
The bond O-C(4') is close to ± 120° with respect to the bonds C(1)-C (2) and C(1)-0(5). Both in cellobiose and in acetyl cellobiose, which carry substituents on C(5) and C(5') atoms, the angle C(2}-C(1}-0-C(4') is close to 180° [ Figure 3 (a)], thereby relieving the steric overlap that would occur otherwise [Figure 3(b) ] between the (CH 2 0R) group in the primed residue and the group attached to the C(2) atom. The conformation in which the bond O-C(41 is trans to the C(1)-0(5) bond, is not found in any of the three disaccharides: examination of scale models would show that in such a situation close contacts exist between atoms of the contiguous residues, irrespective ofthe rotation ofthe primed residue about the 0-C(41 bond.
The angle t/J, around the O-C(4') bond, shows wide variations. It is most negative for acetyl xylobiose and positive for acetyl cellobiose. Intramolecular interactions between contiguous residues seem to be the reason for such differences, as weshall discuss later. The angle around the O-C(4') bond is such that the bond C(1)-0 is about ± 120° with respect to C(31 or C(5') in cellobiose and acetyl cellobiose, while it is close to trans with respect to C(5') in acetyl xylobiose.
Conformation of (CH 2 0R) group
Figure4 shows the conformation ofthe (6)] is referred to as x(S) and x(S') in the unprimed and primed residues in Figure 1 * In all cases discussed here, the hydrogen atom positions given in the respective crystal structure reports were not used. Instead, these positions were computed such that the hydrogen attached to a carbon atom would be in the tetrahedral position, on the average, with respect to all the rest of the bonds attached to that carbon atom. A bond Iength of C-H = 1·1 A was used.
structures involving only glucose residues. None ofthe crystalline conformations of the free sugars involves 0(6) or 0(6') in an intramolecular hydrogen bond (either within its own residue or with an atom of the contiguous residue. Instead, they take part in intermolecular hydrogen bonds, with another sugar molecule or with water. There does not seem tobe a regular pattem for the orientation of the 0(6) or 0(6') group. In the case of acetyl cellobiose, the 0(6) group of the unprimed residue is situated at x(S) = -60°, whereas in cellobiose both 0(6) and 0(6') are in the same conformational relation to the ring, viz. x(S) = x(S') = 60°. If 0(6) is disposed otherwise in acetyl cellobiose while keeping 4J and 1/J the same as in cellobiose, then unacceptable short intramolecular contacts follow (cf. below).
V alence angle at the bridge oxygen Considerable uncertainty exists in the Iiterature as to the proper value for bond angle CÖC, at the bridge oxygen atom, for theoretical studies. Values ranging from 116° to 119° have been used by various' authors for different polysaccharides. Information available from the crystal structures reported so far showsadefinite trend in the value of CÖC as given in Table 2 , which 
/"\./"'.
• values of 117.98° and 117.9° are found in acetyl cellobiose and acetyl xylobiose. This seems to indicate that the angle COC depends on the size of the 'substituent' at the C(l) atom-increasing as the aglycon moiety goes from a methyl group, to pyranose ring, to acetyl pyranose ring. This trend will be further tested as other studies on the crystal structures of various derivatives become available*.
-The importance of the value used for CÖC in relation to theoretical conformational calculations related to cellulose was shown in a previous paper 24 • 
CONFORMATIONAL MAPS
One may compute the potential energy associated with a given conformation of a disaccharide as a sum of non-bonded, electrostatic and hydrogen bond energies between atoms of contiguous residues taken pairwise. The results are presented in terms of Ramachandran maps, as isoenergy contours in the (f/J, 1/1) space. A ·large nurober of such maps have been published using the geometry for the monomer residues as derived from the average of various crystal structure findings on mono-and disaccharides. Maps for derivatives such as acetyl disaccharides have not been reported so far, because the problern of accounting for the variation in preferred orientation of the substituents appeared formidable. However, examination of models shows that this is not a serious problem, since the freedom of rotation for the acetate groups about the respective C-0 bonds is very limited 8 • With a view to examining the differences in the conformational features brought on by acetyl substitution, energy maps were computed for cellobiose, acetyl cellobiose and acetyl xylobiose. Contrary to previous practice, we used the exact crystal structure data for the respective disaccharides, but variation in the orientation of the 0(6) group in cellobiose and acetyl cellobiose was allowed.
Parameters for energy caknl.ations
Threefold intrinsic torsional potentials with a barder of 0.8 kcal. mol-1 were assigned to rotations q, and 1/1 around the glycosidic bonds C(l )---0
and O-C(4') 25 • Non-bonded interactions were computed using the Lennard-Jones 6-12 function. The parameters adopted for different atoms or groups are listed in Table 3 . The methyl groups were treated as spherical domains of fixed size. Coulombic interactions were assessed by assigning partial charges 26 to the atoms using bond moments 27 (Debyes) of C-C 0.0 C=O 0.39 C-0 0.82 C=-=0 0.74 C-H 0.38 A value of 2.0 was used for the effective dielectric constant 28 • Hydrogenbond energies, where applicable, were estimated by an empirical 9 inverse-thirdpower expression (V = -55jr 3 ). Figures 5(a) and 5(b) . The former is similar to the 0(6) and 0(61 orientation in the cellobiose crystal structure, while [x(51 x(5')] = ( -60°, 60°) resembles the situation in acetyl cellobiose, the aim being to examine the differences in the cellobiose isoenergy maps by keeping 0(6) in the + 60° and -60° positions (cf. Figure 4 ).
All the possible intramolecular hydrogen bonds between atoms of contiguous residues are included in estimating the energies in this theoretical exercise. Irrespective of the difference in the orientation of the 0(6) group, the minimum energy in the (cp, 1/1) surface occurs at the same position, viz.
(cp, 1/1) = (40°, -20°) in both maps; this point is within so in cp and 1/1 of the crystalline cellobiose conformation (denoted by CB). The striking difference, however, is the larger freedom of rotation (shallower energy minimum) afforded in Figure 5 (b).
In Figure 5 Figure 5(a) , the hydrogen bond distance 0(3')---0(5) is 2.7 A. The distance increases as the value of 1/1 is increased, with 3.12A at (40°, oo~ In the conformation (40°, -20°) there is also a weak intramolecular hydrogen bond between 0(6) and 0(31 hydroxyls (see i) (distance 3.16 A), which becomes stronger as the value ofi/J is decreased, with 2.84A at (40, -40°). However, the distance 0(3'}-0(5) in this conformation is 2.4 A, which is considerably lower than the normal hydrogen bond distance of 2.7-2.8 A observed in carbohydrate crystal structures. Thus, the presence of 0(3'}-0(5) and 0(6}-0(3') hydrogen bonds tends to stabilize the conformation (40°, -20°), with the energy increasing rapidly as one moves away from this conformation. The 0(6) ... 0(3') distance is greater than the hydrogen bond Iimit for cp ~ 30°.
In Figure 5 5(a) and 5(b) is significant. In one of them there is a weak 0(6)---0(3') hydrogen bond, which is not found in the crystal structure; in the actual crystal 0(6) forms an intermolecular hydrogen bond. This shows that the presence ofthishydrogen bond (intramolecular) in itself is inconsequential; only the 0(3')---0(5) hydrogen bond is important to predicting the preferred conformation, since its omission in the calculations causes a significant shift of the minimum energy away from CB. Secondly, this indicates that the intramolecular minimum energy conformation is most likely to correspond to the crystal structure and that disregard for intermolecular effects in the theoretical calculations, in itself, is not serious. This is in accordance with the conclusion of Jeffrey 29 on the secondary importance of intermolecular hydrogen bonds in carbohydrate crystal structures in their influence on conformation. Isoconformation contours of the helical parameter n (which represents the number ofresidues perturn ofthe helix) 30 • 31 are given by dashed lines in Figure 5 . These were calculated using the average geometry of the two residues in the cellobiose crystal structure. The position of cellulose with a twofold screw axis along the chain is marked by C. It is seen that this position is outside the contour for 2 kcal. mol-1 in both Figures 5(a) and 5(b) . In this conformation, (</>, 1/J) = (35°, -40°), the distance 0(5) ... 0(3') is 2.4A, which is considerably shorter than observed hydrogen bond distances in carbohydrate structures*. In the absence of compelling evidence for such a short hydrogen bond distance, it is questionable indeed whether cellulose should be attributed a twofold screw axis along the chain, as has been frequently done in the past. Preliminary results on the crystal structure of cellotetraose indicates absence of a twofold screw axis along the oligomer 32 •
Acetyl cellobiose
The energy maps calculated for acetyl cellobiose are given in Figure 6 (a) and 6(b). In the former x(S) = -60°, similar tothat in the crystal structure and x(S) = 60° in the latter. The </>, 1/J coordinates corresponding to the crystalline conformation of acetyl cellobiose are marked by Ac and the minimum energy position by X. In Figure 6 Thus, while in the case of cellobiose the presence of the 0(3')---0(5) hydrogen bond prevents any shift of the minimum for different orientations of the 0(6) hydroxy~ in acetyl cellobiose the position of the minimum is dependent on the 0(6) acetate group orientation. This is primarily due to the necessity of avoiding steric overlaps between the 0(6) and 0(3') acetate groups.
Helical parameters
The map of helical parameters n and h (the height of the residue projected on to the helix axis) computed in terms of </> and 1/J, using the acetyl cellobiose geometry, is given in Figure 7 . It is seen that the position of occurrence of crystalline acetyl cellobiose corresponds to n ~ 3. If acetyl cellobiose is considered to be similar to a segment of acetyl cellulose, then it would imply that the latter should be a helix with a threefold screw axis. The exact nature ofthe chain symmetry in acetyl cellulose is not established, although a detailed structure study has been made 4 • Also given in Figure 7 are the helical parameters for cellulose calculated with the average geometry ofthe two residues as in the structure of cellobiose. Comparing these with the results obtained with acetyl cellobiose geometry, one notices significant differences. Though the angle CÖC is slightly different in the two cases, calculations show that the variation in n and h depicted in Figure 7 is mainly due to the differences in the residue geometry discussed above.
------ In the past many workers have computed maps of helical parameters using various types of average geometry for the residues and have compared the crystalline conformations of disaccharides with polymer structures whose ( cp, 1/J) conformation was read oft' from the common n, h map. The discrepancies noted in Figure 7 indicate that such comparisons should be viewed with some reservation, as they are apprbximate and sometimes misleading. It would seem that data for theoretical calculations on polymer structures should be derived from identical small molecules. Conformational discussions about substituted polysaccharides on the basis of calculations performed with data for unsubstituted oligomers will be approximate at best.
Acetyl xylobiose
The energy map for acetyl xylobiose in terms of cp and 1/J is given in Figure 8 . 
Negativen values denote left-handed helices
It is readily apparent that the absence of the C( 6) atom (and the group attached to it) increases the freedom of rotation of the residues about the glycosidic bonds. The calculated minimum is removed from the crystalline conformation (Ac) by about 15° in 1/J, with a difference in energy of about 0.6 kcal. mol- 1 • This difference in energy could easily be accounted for by the torsional energy itself. The curves of iso n (calculated with acetyl xylobiose geometry) are also given by dashed lines.
It is known that while xylan occurs with a threefold screw axis 7 and a repeat of 14.85 A, acetyl xylan is found to have a twofold screw axis 8 , with a repeat of 10.3 A. It is seen from Figure 8 that the position of acetyl xylan occurs close to the calculated minimum energy position and the crystalline conformation of the disaccharide. Positions along the threefold screw axis, on the other hand, are ofhigher energy. This does not seem tobe due to non-bonded interactions. In both conformations, (t/>, t/1) = (30°, -35°) (which corresponds to a 2 1 screw axis and a repeat of 10.3 A) and (70°, 0°) (which gives a,3 1 screw axis' and a repeat of 14.85A1 there are no close contacts. The difference in energy seems to arise due to the electrostatic attraction in the conformation (30°, -35°) between the 0( 5) atom and the CA(31 atom Previous calculations 8 on this aspect, using the 'average geometry' for the residues, showed both twofold and threefold helical chains of acetyl xylan to be of the same energy.
The discrepancy seems to be mainly due to the neglect of electrostatic inferactions in the previous work. In any event, it is of interest to note that the chain conformation of aeetyl xylan is found to be close to the calculated minimum energy state in Figure 8 . It may be recalled that theoretical calculations on xylan supported the x-ray studies in proposing a threefold screw axis for the unsubstituted polymer 23 •
Acetyl mannobiose
The energy maps computed at intervals of so in 4> and t/J for acetyl mannobiose with [x(51 x(S')] = (-60°, 60°) and (60°, 60°) are given in Figures 9(a) and 9(b1 respectively. The former is similar to the conformation of 0(6) and 0(6') acetates in the crystalline structure ofacetyl cellobiose. These maps were calculated with the coordinates for atoms in acetyl mannobiose, as derived from those of acetyl cellobiose, the 0(2) and 0(21 groups having been duly transferred axial.
Comparing Figures 6(a) and 9(a1 we notice that the range of acceptable t/1 remains the same, whereas the range of 4> within the contour for 4.0 kcal. mol-1 is higher in the case of acetyl mannobiose. The calculated minimum in Figure  9 (a) occurs at (65°, 10°) instead of at (45°, 10°~ as found in Figure 6 (a) for acetyl cellobiose. The minimum occurs at (35°, 20°), which is close to the crystal conformation of acetyl cellobiose. The conformation (65°, 10°), which was of minimum energy in Figure 9 (a1 happens to be of high energy in Figure 9 Locating the above minimum energy conformations in the helical parameter plot of Figure 7 , we find that (t/>, t/1) = (65°, 10°) [minimum in Figure   9 
CONCLUSION
The data and calculations presented here show that the effect of acetate substitution is significant for disaccharides containing hexapyranose residues and not so appreciable for pentapyranose disaccharide. The information available in either case, however, is limited In both types of polymers, the chain conformation is affected, which seems to be due, primarily, to the intramolecular forces. Our knowledge at this time on this aspect is still in its embryonie state. In any case, caution should be exercised in the choice of residue geometries for theoretical analysis. Further crystal structure studies on free and acetyl di-and oligosaccharides would doubtless aid in our grasping the conformational features of substituted polysaccharides.
